Abstract: It has been proved that a diode-pumped alkali laser (DPAL) is one of the potential candidates to achieve the output power with kW-order or more. However, the theoretical analyses of a DPAL are still incomplete although some regimes have been developed to evaluate the spatial characteristics of a DPAL. It is necessary to build a mathematical model to analyze the tridimensional features of a DPAL system with the much higher output power. By combining the procedures of heat transfer and laser kinetics, we developed a new algorithm to simultaneously evaluate the three-dimensional (3-D) lasing characteristics and the 3-D thermal features of a cesium-vapor laser end-pumped by a laser diode. The 3-D population density distributions of the quasi-five-level of atomic alkali, temperature distribution, and distributions of the absorbed power and laser photon density inside a vapor cell have been systematically obtained and analyzed. The theoretical results of the output characteristics coincide with the experimental ones. The results are thought to be meaningful for the realization of a high-powered DPAL in the future.
Introduction
Unlike other types of lasers, a diode-pumped alkali laser (DPAL) has many unique characteristics [1] - [9] . The number densities of alkali vapor (gain media) and buffer gases (generally being helium and small hydrocarbons such as methane or ethane) in the vapor cell of a DPAL system often exhibit inhomogeneous distributions resulting from the temperatures gradient inside the vapor cell, which is determined by the inhomogeneous generated heat, inhomogeneous conductivity of gases, geometrical configuration of the annealing system, wall temperature, and room temperature [10] - [18] . Actually, the inhomogeneous distribution of the alkali vapor directly influences the output performances of a DPAL. Furthermore, the nonuniformity of buffer gases affects the pump absorption cross-section (the D1 line: n 2 S 1/2 → n2P 3/2 ) and laser emission cross-section (the D2 line: n 2 P 1/2 → n 2 S 1/2 ) of an alkali atom as well as the rapid rate of fine-structure mixing (n 2 P 3/2 → n 2 P 1/2 ) [19] - [25] . Also, the intensity distribution of the pump power will result in inhomogeneous distributions of the number populations of quasi-five energy levels, pump absorption, laser gain, and heat generated in a vapor cell. From all of these features, one can see that the physical features of a DPAL might become very different from those of an ordinary solid-state laser especially when the high-powered source is employed [26] , [27] .
Until now, beside our team, some researchers have referred the distributions of physical features of a static-state DPAL. The temperature distribution of a cesium cell was investigated by B. L. Pan's team after assuming that the generated heat is homogeneous inside the vapor cell of a DPAL [28] , [29] . B. D. Barmashenko's team has also undertaken a series of fruitful studies to evaluate the 3-D temperature distribution inside a static cesium vapor cell [30] - [32] . However, both teams did not analyze the 3-D distributions of the absorbed and lasing power densities inside a vapor cell, which provide important influences on the output characteristics. It is necessary to systematically analyze all these inhomogeneous features inside an atomic alkali vapor cell.
In our previous papers, we had made some assumptions as follows [15] , [16] :
1) The diameter of a DPAL beam is approximately treated to be unchanged along the optical axis; 2) The transverse pump distribution holds out a Gaussian intensity profile and keeps unchanged along the optical axis; 3) The temperature of every cylindrical annulus is a constant along the optical axis; 4) The effects of both end-windows of the enclosed vapor cell are ignored. It is obvious that these assumptions would make the mathematical model incomplete. In this paper, to analyze the tridimensional features inside the vapor cell, it is essential to build a novel regime in which the above assumptions are all broken.
In this paper, we develop a theoretical model to analyze the three-dimensional physical characteristics by dividing the vapor cell into many segments. The variations of both a pump beam and a lasing beam have been considered along the pump direction and its reverse direction. In this study, we evaluate the transverse physical distributions along the optical axis. Moreover, the effects of two end-windows of an enclosed cesium vapor cell on the physical features inside the cell are taken into account in the simulation. The theoretical results have been demonstrated to be consistent with the experimental ones. To the best of our knowledge, there have not been similar theoretical reports on this topic so far.
Theoretical Analyses
The schematic diagram of an optically pumped cesium vapor laser is represented in Fig. 1 . The fluences of a pump and a laser beams pass through the vapor gain media in a double-pass geometry. The optical axis of a pump laser coincides with that of the output laser inside the cell. The gain vapor is cesium and buffer gases are helium and ethane in this study. The outsides of two end-windows of the vapor cell are directly exposed to atmosphere.
As shown in Fig. 2 , we divide the cylindrical vapor cell into a series of small cylindrical annuli along the optical axis with i = 1, 2, 3 . . . M and the radial direction with j = 1, 2, 3 . . . N), respectively. The objective is to analyze the optical performances of both a pump and a laser beams as well as the thermal features inside a cell. Every small cylindrical annulus is thought as a heat source as well as a gain source. Both the laser gain and the heat generated in one cylindrical annulus are different from each other.
First, we select an arbitrarily cylindrical annulus (i , j) among the segments to investigate the physical features. As shown in Fig. 3 , In the cylindrical annulus (i , j), the number densities of the 6 2 S 1/2 , 6 2 P 1/2 , 6 2 P 3/2 , 6 2 D 5/2,3/2 and 8 2 S 1/2 , as well as ions levels are designated to be n 1 (i , j), n 2 (i , j), n 3 (i , j), n 4 (i , j), and n 5 (i , j), respectively. The population distribution in a quasi-five-level system of the (i, j) cylindrical annulus can be obtained by using the following well-known rate equations [33] : where 
is the relaxation rate of the fine-structure mixing (n 2 P 3/2 → n 2 P 1/2 ), E is the energy gap between the n 2 P 3/2 and the n 2 P 1/2 levels, k B is the Boltzmann constant, respectively. j p ho is the transition rate of photo-ionization, σ p ho is the photo-ionization transverse section, k E P 2 (n 2 (i , j)) 2 denotes the transition rate of electrons from the 6 2 P 1/2 level to the 6 2 D 5/2,3/2 and 8 2 S 1/2 levels, k E P 3 (n 3 (i , j)) 2 denotes the transition rate from the 6 2 P 3/2 level to the 6 2 D 5/2,3/2 and 8 2 S 1/2 levels, k PI is the Penning ionization rate coefficient, k rec is the recombination rate constant, and I p (i , j) and I l (i , j) are the pump and laser intensities [10] , respectively.
The cesium number density of the (i, j) cylindrical annulus n 0 (i , j) can be given by
and
where T w is the temperature of the cell wall, n 0 (i , 1) is the saturated alkali number density inside the j = 1 cylindrical annulus which is adjacent to the internal surface of the cell wall. By solving Eqs.
As shown in Fig. 4(a) , we select an arbitrary cylindrical annulus (i , j) among the segments to analyze the lasing and heating features. P + P (i , j) and P − P (i , j) are the pump power for the (i, j) cylindrical annulus transferring towards the left (pump orientation) and right (return orientation after reflected by the high reflector) directions, respectively. P + L (i , j) and P − L (i , j) are the laser power for the (i, j) cylindrical annulus transferring towards the left (return orientation after reflected by the output coupler) and right (return orientation after reflected by the high reflector) directions, respectively. The relationships between P + P (i , j) and P , j) can be respectively expressed by
where l is the cell length, σ D 1 (T i ,j , n H e ) and σ D 2 (T i ,j , n H e , λ) are the collisionally-broadened crosssections of the laser emission and pump absorption, respectively. As the pump and laser beams go through the gain medium in a double-pass geometry, the pump and laser power at the outside surface of two end-windows of a vapor cell can be expressed by
where R H R is the reflectance of a pump or a laser light at the HR (high reflector), R oc is the reflectance of the OC (output coupler), respectively. The equivalent pump and lasing power for the (i, j) cylindrical annulus can be simply expressed by
P (i , j) in Eq. (1) is the stimulated absorption transition rate caused by pump photons as expressed (1) is the transition rate of laser emission as expressed by
For steady-state laser emission, the number density of every energy-level must satisfy the following equation:
where TT is the one-way cavity transmission by neglecting the ground-state absorption as well as the output coupler loss. Next, we calculate the volume density of the generated heat corresponding to the (i, j) cylindrical annulus with the following formula: The heat characteristics are illustrated in Fig. 4(b) . The relationship between
, and the generated heat Q i , j for the (i, j) cylindrical annulus can be described by [34] 
Results and Discussions
By using the theoretical model introduced in Section 2, we can calculate the thermal features inside the vapor cell and the optical characteristics of the pump and laser beams. The relevant parameters used in the simulation are listed in Table 1 . Fig. 5 are the spectral distributions of the pump beam along the optical axis for r = 0, 0.375, 0.750, and 1.500 mm corresponding to (a), (b), (c), and (d), respectively. The pump power is set to 10 W and has a Gaussian spectral profile on the pump input side of a vapor cell. It can be seen that the pump power especially near the absorption central spectral line is absorbed effectively. The Fig. 6 . Spectral variations of a pump beam along the optical axis for r = 0, 0.375, 0.750, and 1.500 mm, respectively (P P = 100 W). Fig. 7 . Distributions of the absorbed power density with P P = 10 W (a) and P P = 100 W (b), respectively. absorbed power mainly gathers near the pump input side of a cell. When the pump power is raised to 100 W, the absorbed power in the region near the optical axis is near saturation inside the cell [see Fig. 6(a) and (b) ].
The distributions of the absorbed power density are shown in Fig. 7 (a) and (b) with P P = 10 W and 100 W, respectively. In the transverse section, the absorbed power density achieves the maximum value along the central axis of the vapor cell. It is because such a distribution is mainly determined by the spatial actuating range of a pump beam. Along the direction of the optical axis, the absorption power density on the input side of a pump beam is much stronger than those in the other areas. The reason can be explained as that the pump power near the input side is higher than other range and can be absorbed efficiently. The reason is that the temperatures near two end-windows are lower than those in the other regions, which leads to a much higher density of the alkali medium near both end-windows than those in the middle of the cell as expressed in Eq. (3). It means that the transverse distribution of a pump beam cannot keep a Gaussian profile along the optical axis because of the inhomogeneous absorption of the atomic alkali vapor. As shown in Fig. 8 , when Fig. 8 . Inputted and outputted density distribution of a pump beam on the transversal section of the vapor cell with P P = 10 W (a) and P P = 100 W (b), respectively. Fig. 9 . Population distributions of n 0 , n 1 , n 2 , n 3 , n 4 , and n 5 with P P = 10 W. a pump beam propagates through the heated alkali cell, the outputted density distribution of the pump light is changed from a typical Gaussian shape to an obtuse one.
The population distributions of n 0 , n 1 , n 2 , n 3 , n 4 , and n 5 of the cesium atomic vapor inside a cell are shown in Fig. 9 with P P = 10 W and Fig. 10 with P P = 100 W, respectively. In the transverse section, the total cesium number density n 0 increases with the radial position [see Figs. 9(a) and 10(a)]. In the direction along the optical axis, the densities of n 0 near two end-windows are much higher than those in the other regions. The reason is that the temperatures near two end-windows of the vapor cell are relatively low in the areas of concern. Eq. (3) reveals the same conclusion. It means that the features of absorption and gain can be controlled by changing the temperature and the pump power of the cell. We can improve the homogeneity of the gain coefficient inside the lasing region by increasing the pump power (see Fig. 11 ). It can be seen that the population inversion of n 1 and n 2 only occurs near the optical axis of the cell, in which the even higher absorbed pump power and bigger gain intensity can be formed. The population of n 4 level is smaller than that of n 5 Fig. 10 . Population distributions of n 0 , n 1 , n 2 , n 3 , n 4 , and n 5 with P P = 100 W. level. It means that the lost energy of n 5 is more than n 4 . The population distributions of n 4 level and n 5 level rise with increase of the pump power. It means that the higher levels will have a great influence on the output feature in a DPAL system when the pump power is high enough.
As shown in Fig. 12 (a) and (b), the temperature distributions exhibit the distinct gradient and achieve the maximum values along the optical axis near the end-window at the pump side. Such Fig. 12 . Temperature distributions of a cesium cell with P P = 10 W (a) and 100 W (b), respectively; and density distributions of generated heat with P P = 10 W (c) and 100 W (d), respectively. tendencies can be explained by a fact that the thermal conductivity of a gas-state medium is so small that the generated heat cannot be transferred efficiently inside a sealed cell. It can be found that a more obvious temperature rise is formed for a higher pump power (100 W) than that for a lower pump power (10 W). Because of the heat dissipation of two end-windows, the temperature in the middle is higher than two ends of the vapor cell. The maximum temperature rise can even reach to about 500 K at the optical axis for P P = 100 W. If the pump is high enough, two end-windows of the vapor cell (especially for the pump side one) may be devastated since the extremely higher generated heat density can be formed near the end-windows [see Fig. 12(c) and (d)] .
By using all parameters listed in Table 1 , we have carried out a real experimental demonstration to study the output properties of a cesium vapor laser pumped by different LD powers. Fig. 13 illustrates the variation tendency of the output power of a cesium laser versus the pump power of a narrow-linewidth LD. The dots represent our experimental data and the solid line denotes the simulation results. It is seen that the theoretical curve is in good agreement with our experimental data and the results demonstrate the practicability of our theoretical algorithm. Note that the one-way transmission through cavity is assumed as 0.80 during the calculation.
Conclusion
In this report, we present the evaluation results of the thermal features of a cesium vapor cell pumped by a laser diode. A theoretical model has been developed to examine the three-dimensional population density distributions of atomic cesium, the temperature distribution, and the distributions of absorption power and laser photon density inside a cesium vapor cell by combining the procedures of laser kinetics and heat transfer together. We have also compared the simulated results with the experimental data and found that the theoretical prediction agrees very well with the experimental results. It means that our algorithm is reasonable and feasible. The conclusion is thought to be useful for the design of DPALs with high output power.
According to the simulation results, the features of absorption and gain of an enclosed alkali vapor cell change with the temperature and pump power. When the pump intensity is lower, the absorbed power is concentrated in the region near the pump side and the laser gain is inhomogeneous along the optical axis. We can improve the homogeneity of the gain distribution by desirably increasing the pump power to a proper value. However, when the pump power is raised too high, the temperature difference between the end-window and the other regions will become great, which leads to the condensation of atomic alkali on the inner surfaces of two end-windows. The liquid-state alkali attaching on the internal surface of both end-windows will absorb a lot of pump power and might destroy two end-windows especially for the pump-side one. Such a phenomenon should be avoided in a high-powered DPAL system. In the construction of an actual DPAL, we can solve such problems by adopting a gas-flowing procedure. We will introduce our further research results on this issue afterwards.
